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INTRODUCTION

Theoretical investigation of the breakdown of an isolated
vortex has been conducted before (Refs. 1 and 2). Howaver, its
application to slender-wing aerodynamics is quite limited in
scope and versatility (Ref, 3). In fact, very few correlations
with data have been reported. In addition, these available
theoretical methods require lengthy computer tiwe and hence,
#sre not suitable for applications in a preliminary design.

In this paper, a semi-empirical method to predict effects
of vortex breakdown cn acrodynamic cheracteristics of slender
wings is described. The method is based on Polhamus' method
of suction analogy. Both longitudinal and lateral-directional

characteristics can be predicted.

THEORETICAL DEVELOPMENT

In the method of suction analogy, the vortex lift is equated
to the edge suction force in the attached flow. It was observed
by Lamar (Ref. 4) that for delta wings the angles of attack for
vortex breakdown at the trailing edge ( ol ble) can be related
to the leading-edge suction disiribution (& C ). For a large
HAaptst ° the &€ - distribution tends to peak out at a more
outboard location (Fig. 1). However, the location of (CsC )aa,
{tself is not a good correlation parameter because for lower swept
vings, such as the 60-deg. delta, th peak location is less

distinguished.



Therefore, the method to be developed must (1) employ a good
correlation parameter for ol snTE Aapplicable to most planforms,
not just delta wings; (2) be able to predict the progression of
the breakdown point when &) olzprg 5 and (3) predict the amount of
remaining vortex lift in the region of breakdown. These are
described in the following for both longitudinal and lateral-

directional aerodynamics.

Longi tudinal Aerodynamics

Let

_ _g¢
= T sin '« )

where ¢ is the mean aerodynamic chord. Since €g is proportional to
s:a%C , it follows that Cg is a function of planform and Mach
number only. If i is the nondimensional centroid location of the
-C-, - distribution from inboard coi'f Es‘,w it was found that

il correlated well with experimental o{gprs as shown in Fig. 2.
The relation between i and 7‘ is 1llustrated in Fig. 1. The
experimental o gppg are taken from Reference 5. The correlation

curve in Fig. 2 was obtained by a least-square analysis of Wentz

data (Ref. 5) and can be described as follows,

Xpore m  p/7¢ - 33,0347, + 6a8| T —33en}}

(2a)
+7.31/],‘-¢.u/7,‘ ). i <t :

oAspTE & 380 dog. , if j;z Wy (2b)

In Reference 5, the progressirn rate ol the breakdown point

on delta wings was also measured. Note that the progression rate



measured in the water tunnel is somewhat different from that in
the wind tunnel (Ref. 6). Although the experimental progression
rate is slightly different for different delta wings (Fig. 3), for
simplicity, a single curve obtained by a least-square analysis of
Wentz data is used in the present analysis. The curve can be
described by

aX m 00610 akl =2 i 16 (6e)® 4 a0de} (ant)) = 003) (aot)*

+aemwel (a)¥ | if as < 80 dog. (30)
oYX = a3 tosdrafad , ¥ a2 Redy. (3b)
vhere asdl=w o ~sgppr | Jc’, (4)

and 4 X 1is the nondimensional ¥ - distance (referred to the root
chotd) from the trailing edge to the breakdown point. The spanwise
location of the breakdown point, y.’ , nondimensionalized with half
span, can therefore be obtained as
T, ® lo— X (5)

Once the vortex - breakdown point is located on the planform,
it is necessary to determine the amount of remaining vortex lift
after breakdown. It is wall known that the vortex strength aftgzs
breakdown is decreased, but not vanished. In other words, the
sectional CgC at any spanwise station 7 > i., must be
multiplied by a factor # which is less than 1.0. To determine £ ,
Wentz data for delta wings were analyzed at Ad!!deg. and compared
with results by the Quasi-Vortex-Lattice Method (QVLM) (Ref. 7).
The factor & 1s determined by requiring the QVLM results to match

Wentz data as closely as possible through a least-square analysis.



The results are
A= ontoded , if < it!
£ = atti= aredfy +030 3 if 282<F, AN (6)
g=ob, ¥F>sn

The results indicate that different planforms (i.e. diffotcn:'s; )
have different vortex characteristics after breakdown.

Lateral-Directional Aerodynamics

It was shown in Refa. 8 and 9 that in a sideslip, the leading-
edge vortex on the windward side is pushed inward and downward,
thus inducing additional vortex 1ift; while on the leeward side, it
is pushed outward and upward, and thus inducing less vortex lift.
Note that the usual vortex lift, as explained through the suction
analogy, 18 produced by the existence of net upwash at the leading
edge, thereby inducing vortex separation. This is called the roll-up
type of vortex 1lift in the present analysis. On the other hand,
at a given of the sideslip does not change the net upwash at the
leading edge. Therefore, to account for the increase in vortex lift
on the windward side due to sideslip, a "displacement-type" vortex
1ift must dbe introduced. The flow mechanisms and computational
methods for sideslip, yawing and rolling motions are dascribed below.
(1) Vortex lift of the displacement type in sideslip

In general, the leading-edge thrust coefficient is given by (Ref. 10)

c2f1-M* o0s>py
=45 cos A, 0

where 4’ is the leading-edge sweep angle, and € is the leading-edge

A.



singularity parameter defined as
L x=% \ A
C=fbim 324 (2 ) 8

Now, in sideslip, & &p iz given by (Ref. 11)
a6 = u(-ﬁ%) =2a( %;— t %;-mp) =2yt ;};‘fo‘u[(g)

vhers X’ is the ¥ -coordinate in the freestream direction and ); , {&
are the components of vortex density in the X - and § - directioms,
respectively. The component, )" , is responsible for the longitudinal
loading. Since the vorticity vector near the leading edge must be
parallel to the leading edge, it follows that
26 ly tan (10)
near the leading edge. Hence, by substituting Eqs. (9) and (10) into
(8), it is obtained that
C=Cu(/2 tand,5n¢) an

where

(12)
is the leading edge singularity parameter due to of for the symmetrical
loading. Eq. (11) shows that the singularity parameter due to sideslip
can also be interpreted as that produced by the interaction between X,
and the sideslip velocity at the leading edge:

-2 \%
C, = Lim Yg(-x—&-) sin f (13)



By squaring Eq. (11) and substituting it into Eq. (7), the leading-
edge thrust coefficient in sideslip can be obtained:

C  w ECA (2T S0f + tan'Ay 558 ) Ji = MPeosHy
@ 2 665/,

(14)
The resulting thrust is in the direction pointing into the sideslip

velocity (Fig. 4a). Hence, the corresponding suction ccefficient

(G¢') ) is

. a
C’tp'?%if- C,“)(:_rsz-rﬂnﬂxﬂaf) a1s)

vhere

3
Q(d, = ;“‘34’ ‘V / M badd Al
(16)
is the suction coefficient for the symmetrical loading.
(2) Vortex lift of the displacement type in yawing

As shown in Fig. 4b, the induced sidewash at (X,Y¥) 1is

6‘ [V r » = Ve an

This sidewash varies over the planform, and hence gives rise to
"variable sideslip" effect. According to Eq. (15), the corresponding
suction coefficient ( Cg(py ) is then
Gn " Sw (t2f+ Prat"ﬁi) (18)
(3) Regions without potential flow effect
In the method of suction analogy, the vortex lift is added to
the potential-flow lift to obtain the total lift. The potential-

flow lift is calculated by summing all attached-flow pressure forces

6l



over the planform. This is used for the situation in which a vortex
flow of the roll-up type is involved, such as in tue symmetrical
loading or due to rolling motion. For a vortex flow of the dis-
placement type, a certain region near the edges has to be excluded
in calculating the potential-flow component to avoid over-prediction.

According to Reference 12, the magnitude of &G <& gives a good
estimate of the location of vortex lift centroid from the leading
edge. Hence, G‘e, € and Cg,)C  are taken to be the streanvise
distances measured from the leading edge to the vortex lift centroids
for f and Y modes of motion, respectively. In the present method,
regions near the leading edge with 1-& £2.0(&¢C) are assumed
not to nave the potential-flow effect. However, if the vortex
breakdown is predicted to occur, the vortex flow region tends to
enlarge, so that the symmetrical ( & € ) will be used.
(4) Boundary layer effect on Roll Damping

The rolling motion induces a change in local angle of attack
8o that the roll-up type vortex lift will be produced. Its calculation
is described in Reference 7.

However, it is known that the conventional attached-flow
theory tends to over-predict the roll damping by as much as 202
without accounting for the vortex flow (Ref. 13). One possible
reason is that the boundary layer near the wing tip is thickened
by the centrifugal effect in rolling, so that the effective angle
of attack is reduced. For engineering applications, this effect
will be accounted for in the following way.

Note that the boundary laver thickness is a function of skin



friction coefficient ( &g ). In Reference 14, a formula for the
airfoil 1ift reduction due to boundary layer thickness is given as

Qa9)
vhere #’ was chosen as 2.0. For a wing in steady rolling, it is
assumed that Eq. (19) is applicable at the station of mean aetodynaﬁic
chord (MAC). According to Reference 15 (page 599), the thickness of
a 2-D turbulent boundary layer can be writtei as

5, = 037 19% (‘VV-)%

(20)
where X¢ indicates that §, is to be calculated at the trailing
edge and J is the kinematic viscosity. It follows that the slope
of boundary layer is given by

R AL
(21)
According to Ref. 15(page 607), the boundary layer thickness on a
rotating disk is given by
s =osiy H (24

(22)
where }- in the present application is taken to be the y - coordinate
of MAC and & 1is the rotating speed. It follows that

-2
-jé = o.gs&X":-‘-i % ( %)‘/"
H (23)
As shown in Fig. S5, in the present 3 - D applicztions, —;;‘-
4
is taken normal to the trailing edge. The effect of steady rolling

is regarded as a small perturbation to the angle-of-attack effect,



so that only ite component along the trailing e<ige will be accounted
for. The angle, F} , for the direction of combined slopes is

then given by

% 3 Lf
TG Mt atixFeashe [ o
1.

(24)
However,
Towb Ve - 57 . wb
w’-ﬁ %’-P)’L )?—3\’- 25)
(2
Hence,
_V.;xt = V-.Xt = b/b Y. l
7w T P e FO7OF (26)
Substituting Eq. (26) into Eq. (24), it is obtained that
Tan ft = [o0é662 cos/ (b" -Zf— -14—)’4
YT 7 (27)
where
Xt = C “SAt
(28)

It is assumed that if Eq. (19) is fur the angle-of-attack
effect, then the combined effect , given by Eq. (19), is increased
by a factor of 1/¢esf, with fs siven by Eq. (27). With the local
angle of attack due to steady rolling, dr , replacing 5 in Eq. (19).

Eq. (19) is now rewritten as

4:': - ¢ot/1:
S T TS L,

wher: the constant t’ is taken as 2.2, instead of 2.0, for a better

(29)



ccrrelation with data, and acmdtil included for the notching

s
effect of the rrailiag edge. That iz, the component, j’,“ g'th.

shown in Fig. 5 will meke th~ trailing-edge btoundary layer thinner.
(5) Rolling and yawing at aon-zero sic slip

It was shown in Reference 8 that the roll damping of a slender
wing at high angles of attack ca: be increased if the wing rclls
about the stability axes at a non-zero sideslip. To explein this

effect, let the total leading-edge singularity parameter be
. / / /
CaC (1T tanfysing) +C, (:(rtm M)t ep + 5(,%;‘;)‘:,)

where Q': ’ C‘;) and q;, are leading-edge singwlarity parameters
produced by upwash (i.e. the roll-up effect), respectively. By
squaring C to be used in Eq. (7), various cross-product terms appear.
For the rolling motion, the vortex lift due to roll-up is further
increased on the right wing due to inboard displacement of vortex
core in positive sideslip. Similarly, any roll-up effect in the
yawing motion will be further increased or decreased due to sideslip.
However, products of any two roll-up effects or displacement effects
do not produce forces and moments of the antisymmetrical nature.
Hence, additional vortex-lift terms in the leading-edge singuiarity

parameter due to rolling and yawing in sideslip are
3 /
Coppy = > Cipy (Cutany 512 ) (31)

N 2
Clyp = 3 Ctn (6 Tan /g 5inp) (32)
Eqs. (31) and (32) are to repinue C2 in Eq. (7) to produce the

additional leading-edge thrust.

10.



(6) Vortex breakdown in sideslip

In general, the angle of attack for vortex breakdown at the

trailing edge in sideslip, d,‘,r‘ , i3 reduced on the windward

side and increased on the lexward side. The following steps are

used to calculate ef’,," in the present analysis.

(a)

(b}

(c)

(d)

Calculate 7_‘ from the symmet~‘cal suction distribution
( &g cat) ), except that the leading-edge sweep angle
is taken to “e Ay~ p for the right ving and "'.l +(
for the left wing.

Assume that the maximum vortex strength before breakdown

for a given planform is unchanged by sideslip. Since

the vortex strength is represented by &g which is

proportional to sin*el , ir foliows that the maximum
vortex strength will be reached at a lower of " than o(.’.’.‘
on the right wing because of increase in vorter lift
in sideslip. Hence, d,’”re can be sclved from the
following equation
v ] 3 4 l‘ [P y .
i “”1‘ = 5'n dl’fl 'f'(i Qﬂhf-l'tnﬂjfaf)sm «UTE (33)
The vortex lift factor ({’ ) 13 calculated by the same
formula for i (i.e. Eq. (6)), except that Z is
replaced by Z(()calculated in step (a).
Whenever the vortex breakdown is predicted to occur at
a given y station, C;u) must be multiplied by ‘
Therefore, the antisymmetrical vortex lift on the windward

side due to sideslip would be given by

(c‘:p T2 G, R 5inf) ’6(

11.



On the leeward side, the vortex breakdown may not occur at a given o,
In this case, the magnitude of the antisymmetrical vortex lift is the
average of those on both sides.
(7) Vortex breakdown in yawing

The effect of yawing on vortex breakdown is similar to that due
to sideslip. With a positive yawing, the lert tip will be the first
which is subject tco possible vortex breakdown effect. Since the equi-
valent sideslip ( f'_) is variable along the leading edge, the average of
ﬂ. at a given y station and that at the tip is used to determinquDTE.

For simplicity, & for the vawing motion is determined by a linear

/

BDTE
/

interpolation between dBDTE and «BDTE for sideslip.

When the yawing motion occurs at f # 0, the equivalent sideslip to be
used should be -’-fr on the left wing and@+f_ on the right wing. Since F)"
is usually negative near the tips, the equivalent sidesl_ip there is con-
siderably reduced. In this case, the vortex breakdown may not occur,
in particular at a high yaw rate, so that the rolling moment due to
vaw rate may be large.

(8) Vortex breakdown in rolling

Due to a positive roll, the local angle of attack on the right
wing is increased. It would seem that the vortex-breakdown o would
be decreased. However, rolling tends to move outboard the centroid of
the vortex lift distribution (i.e. increasing ;"), so that the vortex-
breakdown o is increased. In the present theory, it is assumed that “”D'ff
for the rolling motion is equal to “BDTE for the symmetrical loading.

The average of the local & at a given y statior and that at the
tip is used to determine whether there is vortex breakdown at that

station.
12.



(9) Centroids of vortex 1lift

Based on the idea developed in Reference 12, cgC gives the location
of vortex lift centroid. Let leading-edge suction coefficients produced

L 1 )
by upwash at the leading edge be denoted by cs(p)’ cs(f) and ca(r)' The
roll-up for the antisymmetrical vortex lift is assumed to take place along
a direction perpendicular to the leading edge. Hence, the antisymmetrical
vortex 1lift of the roll-up type is assumed to act at
4 N
d-1 Com© | si» Ae

for the rolling motion, and at

7 Iélq)‘ | sin Ag

for the vawing motion. In sideslip, it is at
/
7- "ﬂp‘l cos p
This is 1llustrated in Fig. 6a.
On the other hand, if rolling and vawing motions take place in a

non-zero sideslip, the vnrtex lift centroids will be at
f e+ & clsmp
q lc‘qo c;{;) iy

/ / C lSa‘nA
7- |ame t Sep £
For rolling and vawing motions, the inbvoard displacement of vortex
11ft centroids is further restricted by the position of symmetrical vortex
11ft centroids ({.e. R = csc). Therefore, 1if
%, c‘ sinflyg > Rcos Ny sin
o 4 R g ¥ Al
it is replaced by R cos/!'sin/’l, where R cannot exceed the local chord.
This {s {llustrated in Fig. 6b.
In a coning motion, rolling and vawing motions are coupled. The
vortex lift centroid i{s then assumed to be that due to the rvrolling

mot ion.

13.



NUMERICAL RESULTS

Longitudinal Characteristics

Results for delta wings of 600. 70° and 80° are presented in Figs. 7-
10. The method for computing the vortex lift involving rounded leading
edges is based on Kulfan's concept (Ref. 16). Note the differences in
11ft curves after vortex breakdown for different delta wings. The
11ft curve for the 80-deg. delta has a sharper change after vortex
breakdown as compared with that for the 60-deg. delta. The lift curve
for the 70-deg. delta wing represents the transition between these two

types.

L.ateral-Directional Characteristics

The effect of sideslip on the angle of attack for vortex breakdown
at the trailing edge is presented in Fig. 1l. The trend is correctly
predicted, although the predicted magnitude is 2 to 3} deg. off.

The lateral characteristics for 60-deg. and 70-deg. delta wings
are presented in Figs, 12 and 13, respectively. The predicted results

agree well with data, except when o exceeds o by 8 to 10 deg. 1In

BDTE
the latter situation, the effect of boundary layer separation must be
accounted for and is not included in the present method.

Additional results are compared with data in Figs. 14, 15 and 16.
As shown in Fig. 15, the boundary layer correction is seen to be impor-
tant for accurate prediction of roll damping. The change in slopes of

C and Cl after vortex breakdown is due to the difference in breakdown

£

«'s for left and right wings.
Finally, the effect of sideslip on roll damping is illustrated in
Fig. 17. With zero sideslip, the slope of«i-ﬁ curve is alwavs positive,

This means that q‘ is positive. On the other hand, as the sideslip is

p
increased in a steady roll, C, may become negative, as shown by the curve

lP
14.



representing}-loo. At{-So and small p, there is some discrepancy

between the theory and data.

Extension of the theory to other planform shapes is currently being

investigated.

15.
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